Effects of increased N deposition, caused by agricultural practices and combustion of fossil fuels in traffic and industry, have been studied in detail for soil and water chemistry as well as for vegetation and ecosystem functioning. Knowledge on fauna is limited to descriptive and correlative data for a small number of species or communities. Therefore, mechanisms behind effects of N deposition on animal species and diversity remain unclear, which hampers optimisation of nature restoration and conservation measures. The aim of this review is to identify and structure possible different pathways in which fauna is affected by high N deposition. We identify ten pathways leading to six basic potentially negative bottlenecks: (1) chemical stress, (2) a levelled and humid microclimate, (3) decrease in reproductive habitat, (4) changes in food plant quantity, (5) changes in nutritional quality of food plants and (6) changes in availability of prey or host species due to cumulative effects in the food web. Depending on species and habitat type, different pathways play a dominant role and interference between different pathways can strengthen or weaken the net effect of N deposition. Although all identified pathways and bottlenecks are supported by peer reviewed literature, we conclude that scientific evidence on the causal relationship between increased N deposition and effects on fauna in the complete causal chain is still insufficient. We recommend that future research should aim to clarify the causal mechanisms underlying the observed changes in species composition attributed to N deposition. The most severe gaps in knowledge concern subtle changes in plant chemistry and changes in availability of prey and host species to higher trophic levels.
Introduction
Excessive deposition of nitrogen (N) caused by emission from combustion of fossil fuels in traffic and industry, and intensification of agriculture is a severe ecological problem at a global scale (Vitousek et al., 1997; Galloway et al., 2008; Sutton et al., 2014) . Deposition levels of total N vary widely between regions worldwide, but exceed natural background deposition almost everywhere. These levels are not expected to decrease in the next decades and will probably further increase in regions with economic growth, especially Asia (Kanakidou et al., 2016) . The pathways by which excess of nitrogen availability influences animal species and fauna diversity is an important, but poorly understood topic in ecosystem ecology. Scientific evidence is necessary to identify the risks to animal diversity in major ecosystems and to develop measures to counteract or mitigate negative effects.
Dominant mechanisms by which deposition of atmospheric nitrogen can affect natural ecosystems and forests were first reviewed by Skeffington and Wilson (1988) . Ecological effects on soil and water chemistry, vegetation and ecosystem functioning have been described at a global scale (Vitousek et al., 1997; Sutton et al., 2014) as well as on the level of a single continent or nation (Liu et al., 2011; Stevens et al., 2011) , gradients in climate, soil and vegetation types within regions (Simkin et al., 2016) , aquatic and terrestrial ecosystem types (Geelen and Leuven, 1986; Remke et al., 2009; Ochoa-Hueso et al., 2011) and food webs (Throop and Lerdau, 2004; Meunier et al., 2016) .
In general, increased N deposition leads to a higher availability of N for plants, increased acidification, mobilisation and leaching of cations, especially in habitats that are nutrient poor, N-limited and have a weak acid buffering capacity (Simkin et al., 2016) . These chemical changes result in an increased biomass production, asymmetric plant competition -most visible are algae in water, and tall grass and shrub species in terrestrial systems -and altered soil microbes (Farrer and Suding, 2016) leading to a decrease in variation of vegetation structure and plant species diversity (Bobbink et al., 2010; Cleland and Harpole, 2010; Sutton et al., 2014) . Further field studies have expanded to Biological Conservation xxx (2017) xxx-xxx cover changes in the abundance and activity of mycorrhizae (Mohan et al., 2014) and plant stoichiometry (Elser et al., 2010) .
Animal communities are also affected by nitrogen-driven ecosystem changes and several studies describe changes in fauna groups in aquatic and terrestrial systems as a result of increased N deposition (e.g. Berg and Verhoef, 1998; Xu et al., 2009 ). These papers provide descriptive and correlative changes in patterns for fauna diversity, but lack causal explanations for these changes. Recently, several studies have been published which tested conceptual models on effects of N deposition in food webs, focusing on changes in plant-herbivore relations after releasing primary producers from N-limitation and altering foliage N content, including consequences for predatory species (Meunier et al., 2016; Pöyry et al., 2016) . Comparable to the review on chemical stress , they identify possible causal mechanisms by which fauna is affected. However, these studies also show a lack of experimental data and cover only a limited part of this ecologically complex subject.
Without a thorough overview and understanding of causal mechanisms behind effects of N deposition on animal species and fauna diversity, optimisation of conservation or restoration measures is impossible and can create unforeseen new bottlenecks (see for example the affected stoichiometry after sod-cutting in Vogels et al., 2016) . The goal of this review is to identify and structure possible causal mechanisms leading to bottlenecks for animal species populations and fauna diversity following increased N deposition. This paper presents a conceptual model with ten different pathways by which high N deposition affects fauna, based on literature describing direct and indirect effects, thereby offering a logical framework for future research to adequately work on important deficiencies in knowledge on effects of excessive N deposition on fauna.
Methods and constraints
Literature was found by searching Web of Science (papers) and Google Scholar (books) on key words 'nitrogen deposition' + 'fauna*'|'animal*' and subsequent search in the citation history of all relevant sources. To further substantiate different pathways, a second literature search was performed with relevant effects on ecosystem level as key words: 'nitrogen deposition' + 'encroachment'/'vegetation composition'/'microclimate'/'nesting'/'flower*'/'food plant'/'stoichiometr*'/ 'prey'. The aim of this paper is to investigate causal effects of increased air-borne N deposition. Papers on fertilizer experiments (adding not only N, but also other nutrients) and papers on effects of increased Navailability due to local sources like polluted wastewater, sewage water or aquaculture were rejected, since eutrophication with multiple nutrients often only lead to increased plant biomass production, whereas airborne N deposition can lead to soil acidification and imbalanced stoichiometry as well. Papers describing changes in animal communities correlated with increased N deposition, but lacking causal mechanism, were only used as supportive literature for describing possible pathways.
The strict way of selecting only studies tackling causal mechanisms on effects of a measured amount of N deposition on fauna resulted in an insufficient number of studies for a data driven synthesis. We therefore chose a qualitative approach to arrive at a conceptual model of pathways for the effects of increased N deposition on fauna.
To link possible effects of increased N deposition on fauna with proven effects on ecosystem and vegetation level (Bobbink et al., 2010; Sutton et al., 2014) , literature was first assigned to the following processes: changes in water and soil quality, increased growth of plant biomass, changes in vegetation structure and composition, and changes in plant stoichiometry. To understand the mechanistic link for fauna as well as to further select papers, which tackle more than one process on ecosystem level, literature was subsequently classified based on fundamental animal requirements: food, suitable abiotic conditions and (access to) reproductive habitat. In case of abiotic conditions, a split was made between direct chemical changes in habitat (in aquatic systems and moist soils) and indirect changes caused by increased growth of plant biomass. In case of food and reproductive habitat, all effects on fauna are indirect via changes in vegetation and changes within or between fauna groups on different trophic levels.
Effects on ecosystem level were placed in a flow scheme, starting with airborne 'N deposition' leading to changes in soil, water and plants (Fig. 1; upper levels) . Subsequently, all effects on fauna found in the literature were placed in this scheme and linked with relevant changes at the ecosystem level. Links between the different levels were (re)placed until all effects and pathways described in the literature fitted in the flow scheme ( Fig. 1: lower level ). This resulted in 10 different pathways (pathway a to j) leading to 6 basic bottlenecks for animal species. An overview of all literature used to identify these pathways and bottlenecks is given in Table S1 (supplement 1).
This study holds several constraints to ensure a compact overview, focussing on the causal pathways for effects of N deposition on fauna. 1) We cite relevant literature to clarify and substantiate all different pathways and bottlenecks, but do not go into detail on every effect nor give nuances for different ecosystems; where applicable we refer to other review papers. 2) We treat all effects on animal species or communities as basically negative, since human-induced N deposition above natural background levels alters the conditions and succession trajectories of pristine ecosystems, which is regarded as undesirable from a conservation point of view. Positive effects for single species or groups are sometimes mentioned as an example, but this mainly concerns facilitation of potentially dominant species that replace a greater number of vulnerable species. 3) Feedback mechanisms and interference with other global environmental changes, such as increasing temperatures and CO 2 levels are briefly described in Section 4, but are not included in the conceptual model to keep it synoptic.
Pathways for effects of N deposition on fauna
Since the majority of effects of N deposition on fauna is indirect, it is necessary to link changes in soil and water quality and vegetation to the requirements of animal species to understand the most probable pathways affecting them (summarised in Fig. 1 ). These demands include food, suitable abiotic conditions and (access to) reproductive habitat (cf. Dennis et al., 2003) .
Based on the available literature (see supplement 1), we derived the following possible bottlenecks for fauna as resulting from N deposition: 1) chemical stress, 2) a buffered microclimate (levelled temperatures and more humid) due to increased vegetation density, 3) decrease in reproductive possibilities for ground or soil living species, due to denser and taller vegetation, 4) changes in diversity and abundance of food plants, 5) changes in host plant quality, and 6) changes in prey and host species availability at higher trophic levels. We will present all six bottlenecks in more detail.
Chemical stress
Chemical stress for fauna due to increased N deposition occurs in aquatic environments and probably in wet soils (but evidence is lacking), where animals live in direct contact with ambient surface water or pore water. Effects of increased nitrogen emissions on aquatic fauna were reviewed extensively by for a wide variety of taxa, including molluscs, planarians, amphipods, decapods, insects and fish. Deposition-derived non-organic N-compounds (NH 4 + , NH 3 , NO 2 − , HNO 2 , NO 3 − ) can have direct toxic effects on aquatic fauna ( Fig. 1 ; pathway a) and have been examined by laboratory studies. The physiological effects can be lethal in case of high toxic concentrations of N compounds, but mostly result in reduced feeding activity, fecundity and eventually survival, which decreases population sizes of aquatic animals . Enrichment of water with ammonium (NH 4 + ) increased mortality of young larvae of frog species Rana temporaria, with more pronounced effects at low pH, but did not result in higher mortality rates for eggs of the frog species (Leuven et al., 1986a) . Unionised ammonia (NH 3 ) is toxic to various aquatic animals, especially to fish (salmonids), where it can lead to damage to the gill epithelium, reduction in blood oxygen-carrying capacity, inhibition of ATP production and depletion of ATP, disruption of blood vessels and osmoregulation upsetting liver and kidneys and repression of the immune system . Both nitrite (NO 2 − ) and unionised nitrous acid (HNO 2 ) are toxic , mainly to fish and crayfish, due to conversion of oxygen-carrying pigments causing hypoxia, disruption of Cl − and K + levels causing severe problems with membrane potentials, neurotransmission, skeletal muscle contractions and heart function, formation of mutagenic and carcinogenic N-nitroso compounds, damage to mitochondria in liver cells and repression of the immune system. Intake of nitrate (NO 3 − ) in aquatic animals is much lower than NO 2 − uptake due to low branchial permeability, which makes this compound less toxic. However, nitrate can be converted to nitrite under internal body conditions and subsequently inhibit oxygen transport. Early developmental stages of some marine invertebrates, caddisflies, amphipods and fish seem to be the most sensitive groups. Sensitivity of amphibians to nitrate may also be high and seems connected with decreased body size, fecundity and survival and impaired swimming ability . Toxic effects of inorganic nitrogenous compounds are less pronounced in marine environments, because of the inhibiting effect of water salinity (sodium, chloride, calcium and other ions) as well as a higher tolerance of marine species. Although effects on animal species in wet soils are expected to be similar to those in aquatic systems, evidence is lacking and it is uncertain to which degree these occur.
Other direct toxic effects result from acidification (pathway a) and the subsequent increases in concentration of H + and -in some cases -an increase in dissolved Al 3+ and other trace metals (Cd, Cu, Pb, Zn) above critical levels. These effects are observed during extreme atmospheric deposition of HNO 3, NH 4 + and H 2 SO 4 ('acid rain') . Acidification can lead to disruption in ionic regulation, respiration and metabolism in molluscs, insects, crustaceans, fish and amphibians. Furthermore, acidification can cause mortality or hatching delay in eggs of fish and amphibians, arrested development in fish and amphibian embryo's, reduced moulting success in insects and crustaceans and reduction of feeding activity or efficiency and growth rates in many invertebrate and vertebrate fauna groups. Severe acidification diminishes populations of fish and aquatic snails are absent at pH b 5.0 (Leuven et al., 1986b; Leuven and Oyen, 1987; Økland, 1992) . Strong acidification (pH b 3.5) of reproductivepools and lakes for amphibians leads to egg mortality, but at pH b 5 hatching rate of eggs already decreases due to fungal infections (Saprolegniaceae) (Leuven et al., 1986a) . When ranking different stressors linked with N deposition, pH proves to be the largest threat for amphibians, followed by copper and ammonium, while nitrate and cadmium were of minor importance (Fedorenkova et al., 2012) . In aquatic invertebrates uptake of metals by surface absorption as well as toxicity of ingested metals (Cu, Pb, Cd, Zn) increase with decreasing pH of the water, but the net effect varies as a function of feeding habits, body size and lifespan of species (Gerhardt, 1993) . Compared with direct pollution of heavy metals the increase of metal concentrations due to N deposition is relatively low and can change their behaviour and thereby decrease survival and reproduction or increase predation risk (Mogren and Trumble, 2010) , rather than lead to direct mortality. All aquatic invertebrates (Rainbow, 2002) and vertebrates (e.g. Sauliutė and Svecevičius, 2015) take up and accumulate metals in trophic food chains, but the effects of nitrogen-induced increase of metals on higher trophic levels is probably low.
Other effects of increased N deposition in aquatic systems are due to the enhanced development, maintenance and proliferation of primary producers ( Fig. 1; pathway b ). Unlike chemical intoxication, the increase in biomass growth of phytoplankton, macroalgae and macrophytes is a visible effect associated with eutrophication of water bodies. However, when inorganic nitrogen stimulates growth of toxic algae, cyanobacteria, dinoflagellates and diatoms, fauna can be exposed to high levels of extracellular organic toxins in ambient water and ingestion of intracellular organic toxins. These might not be lethal for primary consumers, but since algal toxins can be bio-accumulated and transferred through food webs, aquatic as well as terrestrial carnivorous species may be indirectly exposed when consuming aquatic fauna containing toxins . Increased plant biomass and the subsequent decomposition of organic matter usually lead to low dissolved oxygen levels in water and sediments, especially when water turnover rates are low. Invertebrates as well as fish can die from hypoxia or anoxia or experience toxic stress when reduced oxygen concentrations lead to formation of reduced compounds like hydrogen sulphide (H 2 S) .
Buffered microclimate: levelled temperature and higher humidity
Research on the causal relationships between N deposition, vegetation structure, microclimate and its effects on fauna is lacking. Therefore, the following description has been derived from handbooks on (the relation between) microclimate and fauna (Willmer, 1982; Stoutjesdijk and Barkman, 2014) as well as correlative studies on butterflies, grasshoppers, ants and birds (Schirmel et al., 2011; Van Noordwijk et al., 2012; Schekkerman and Boele, 2009; Schirmel and Fartmann, 2014) .
Increased plant biomass production due to N deposition results in a higher and denser cover of vegetation and litter, which decreases irradiation of sunlight as well as air circulation close to the ground (Fig. 1 : pathway c). In summer, the temperature sums in the soil and litter layer are lower in this dense vegetation compared to vegetation with an open structure without litter accumulation. At the same time soil moisture and air humidity increases due to the lack of air circulation, which in turn buffers temperature changes. This hampers soil warming in spring. Contrarily, it may result in relatively high temperatures and high air humidity in winter. These changes in temperature, humidity, solar radiation and wind can influence development, fecundity as well as survival of animals. Small ectotherms such as invertebrates are more vulnerable to changes in microclimate because of their dependence on external heat (especially radiation) for thermoregulation, their small size and larger surface to volume ratio than larger endothermic mammals and birds, although this is partly compensated by their ability to exploit more finely graded habitats (Willmer, 1982) . However, this is hardly possible in a dense homogeneous vegetation structure ( Fig. 1: pathway d) .
Many ectothermic organisms require body temperatures of 30-35°C for optimal growth and development, hence in temperate zones a warm microclimate is essential for these organisms (Shreeve, 1990; Stoutjesdijk and Barkman, 2014) even more pronounced at the limits of their distribution range (Roy and Thomas, 2003) . A decreased temperature sum causes retarded development for eggs and immature stadia in invertebrates, with subsequent negative consequences for fecundity and survival. The total time needed for egg development is strongly temperature dependent and may be critically extended by grass encroachment. This has been demonstrated for grasshoppers by Van Wingerden et al. (1991 and is one of the most determining factors of differences in distribution and diversity of grasshopper species in dune and steppe grasslands, respectively (Schirmel et al., 2011; Fartmann et al., 2012) . Klop et al. (2015) concluded that for Wall Brown butterfly (Lasiommata megera) microclimatic cooling through excess nitrogen contributed more to its dramatic decline than loss of host plants or changes in food plant quality. In Dutch calcareous grasslands fast growth of vegetation hampers characteristic ant species which are in need of higher temperatures in summer due to a short nest development time between colonisation and mating flights (Van Noordwijk et al., 2012) . It has been argued that spring-developing, thermophile organisms, such as butterflies hibernating as egg or larva, are particularly sensitive to the cooling of microclimate due to increased shading and moisture levels at raised levels of biomass accumulation due to N deposition. This hypothesis is supported by a comparatively greater decline in egg-larva than in pupa-adult hibernating species in European countries with oceanic climates and high levels of N deposition (Wallis de Vries and Van Swaay, 2006) . However, alternative explanations might be that a levelled temperature and less air circulation in winter causes increased mortality in hibernating eggs and caterpillars due to 1) increased fungal or parasitic infections, or 2) exhaustion of fat supplies in species of those that do not go into quiescence (non-diapause dormancy). In this last case, fat reserves can become exhausted at temperatures above the threshold for metabolic activity, but below that for active foraging. Evidence for either hypothesis is lacking.
Although ectothermic species are more vulnerable from changes in microclimate, also endothermic species like self-feeding chicks of the Black-tailed Godwit (Limosa limosa) appear to be sensitive to low temperatures and wet conditions in combination with low prey availability. Brooding of chicks by adults increased with rain and with worsening of chick condition, leaving less foraging time and thus potentially leading to a negative condition spiral under adverse conditions (Schekkerman and Boele, 2009) . Because N deposition may lead to a higher and denser vegetation structure in grasslands, and resulting in a cool and moist microclimate as well as a decrease in prey availability (see pathway i and pathway j). A negative effect on self-feeding precocial birds is possible, but to which degree and for which bird species is not yet known.
Decrease in reproductive habitat for ground-dwelling species
Increased production of vegetation and litter lead to a reduction of bare and scarcely vegetated soil in terrestrial as well as aquatic systems, which functions as reproductive habitat for many animal species (Fig. 1 : pathway e). Both aboveground nesting localities, courtship and mating sites as well as underground oviposition sites decrease with encroachment. This is probably the most clearly visible and widely accepted pathway for effects of N deposition on fauna. However, neither causal studies regarding the whole sequence nor time series with combined monitoring of nitrogen deposition, changes in vegetation structure and fauna are available. Support for this mechanism is therefore based on studies on vegetation structure (reviewed in Bobbink et al., 2010 and Sutton et al., 2014) in combination with correlative and descriptive literature on the occurrence of animal species and biomass and litter accumulation in the field (without explicit link to N deposition), such as in ants and wasps (Peeters et al., 2004) , butterflies (Bink, 1992; Streitberger et al., 2014) , grasshoppers (Lensink, 1963; Schirmel et al., 2011; Wünsch et al., 2012) and breeding birds (Van Turnhout et al., 2012) .
The general mechanism determining this pathway is the increase of physical resistance of the vegetation and top soil layer due to a higher and denser vegetation cover and accumulation of litter, making it impossible to deposit eggs on or in the ground or to exhibit courting or mating activity. However, since the reduction of reproductive habitat by increase of physical resistance of the vegetation is inseparable with changes in microclimate (Fig. 1: pathway c and pathway d) as well as decreased availability of prey ( Fig. 1: pathway j) , it is not possible to estimate the roles for these individual pathways from available evidence.
Changes in diversity and abundance of host plants
Many animal species feed on specific plant species or species groups, either on fresh biomass, nectar and pollen or seeds, litter and humus. Changes in vegetation composition due to changes in soil or water quality caused by N deposition (Fig. 1: pathway f) may have severe consequences for fauna when hostplant species decrease in abundance or disappear, which is repeatedly observed in vegetation shifts from herbs and narrow-leaved grasses to broad-leaved grasses and shrubs (Bobbink, 1991; Stevens et al., 2004; Clark and Tilman, 2008; Sutton et al., 2014) . Due to their reliance on single plants species, monophagous (or monolectic) animal species are in general more vulnerable to these changes than oligophagous (or oligolectic) species or nonspecialised polyphagous (or polylectic) species. Changes in the availability of host plants may occur in different ways: 1) host plants decline so much that densities are insufficient to support a viable population of the dependent herbivore (WallisDeVries, 2004) , 2) host plants have changed their phenology and a mismatch in time develops with the phenology of animal species (Visser, 2008) , and 3) the physical distance between host plants and other essential resources in the landscape (mating sites, nectar sources other than the host plant) becomes too large (Dennis et al., 2003) .
Like a decrease in reproductive habitat (effect 3) the decrease of resource abundance due to N deposition is very likely, but again causal evidence on the relationship between N deposition and the decrease of plant-dependent animal species hardly occurs. Öckinger et al. (2006) found a correlation between the decrease of butterfly species and increased N deposition and suggest a decrease in abundance or availability of host plants. WallisDeVries et al. (2012) presented clear correlations between large-scale declines in flower-visiting insects and in flower abundancy, due to changes in vegetation composition, with N deposition as the most probable determining factor in nutrient-poor environments. The few examples of species-specific evidence of reduced host plant abundance or availability becoming a bottleneck is from the Marsh fritillary (Euphydryas aurinia) regarding the abundance and availability of the host plant Succisa pratensis in Wales (Fowles and Smith, 2006) and Czech Republic (Konvicka et al., 2003) , availability of Viola canina for Niobe fritillary (Argynnis niobe) in Germany (Salz and Fartmann, 2009 ) and host plant species for the monophagous Bay Checkerspot Butterfly (Euphydryas edita bayensis) in North-America (Weiss, 1999) .
Specialised mono-or oligolectic bee species are probably highly vulnerable from a decline in plant diversity (Biesmeijer et al., 2006; Fründ et al., 2010) . However, bee species that build large colonies every year, like bumblebees, depend on a continuous and abundant supply of flowering plants throughout the season and will be threatened when flower density and diversity drops on a larger spatial scale. Although bumblebees have a wide range of plant species at their disposal (Goulson et al., 2002) species differ in the length of their tongues and body sizes, resulting in resource partitioning (Sowig, 1989; Westphal et al., 2006; Kleijn and Raemakers, 2008) and will, therefore, not be equally harmed by changes in plant composition. Recently, Scheper et al. (2014) were able to demonstrate the link between reduction of nectar plant diversity and bee diversity by identifying pollen loads from museum specimens.
Changes in host plant quality for herbivores
N deposition can change food plant quality for herbivores along two different pathways. With changes in plant species composition ( Fig. 1:  pathway g) the stoichiometry of the food resources for herbivores changes, which forces them to shift from optimal to suboptimal food plants (Elser et al., 2010) . In plants uptake of nutrients can shift as a result of changes in soil and water quality by an increased availability of nitrogen as well as mobilisation and leaching of trace elements. This leads to changes in plant total nutrient concentrations as well as changes in nutrient ratios ( Fig. 1; pathway h) , which may have important consequences for the food quality of herbivores (Roem and Berendse, 2000; Elser et al., 2010) . It is clear that the influence of changes in nutrient total concentrations and stoichiometry on fauna depends on both plant species and herbivore species (Throop and Lerdau, 2004) , as well as their interaction (Throop, 2005) . This variation is mostly associated with differences between trophic groups feeding on different plant parts (roots, leaves, and phloem) and with differences in chemical and physical defence between plants species (Persson et al., 2010) . Despite this broad variation, three main effects can be distilled: 1) positive effects on herbivores due to enhanced N-concentrations in digestible form (affecting the competition between herbivore species), 2) negative effects due to enhanced N-concentrations in non-digestible or toxic compounds, and 3) negative effects due to detrimental changes in stoichiometry, mostly regarding P and trace metals.
A generally strong positive impact of N deposition on individual performance of herbivorous insects in response to increased total foliar N was deduced from a review by Throop and Lerdau (2004) , with a suggestion of more pronounced effects on conifers than deciduous trees due to the stronger increase of foliar N responses in conifers. Jones et al. (2008 Jones et al. ( , 2011 registered higher abundance of insect herbivores on oaks and bracken fern under high N-deposition levels. However, there seems to be a herbivore-dependent optimum concentration of foliar N with respect to insect survivorship, development, growth and reproduction, with falling rates when optimum levels are exceeded, which may lead to the second effect, enhanced non-digestible or toxic compounds. Fisher and Fiedler (2000) observed high pupal and larval mortality as well as a reduction in adult size for Copper butterfly (Lycaena tityrus) when foraging on plants reared under artificially increased N availability.
One causal factor determining optimum N levels is the increase of toxic foliar nitrate accumulation or N-based secondary metabolites, as has been shown for the leaf beetle Ophraella communa by Throop (2005) . Larvae of the Monarch butterfly Danaus plexippus showed decreased growth rates when feeding on milkweed Asclepias urassavica with nitrogen addition. Foliar N concentration in this host plant was not correlated with cardenolide concentration, but toxicity per unit leaf weight of cardenolide was higher as N increased in excess of demand (Tao et al., 2014) . Nijssen and Siepel (2010) showed that in Grey-hair grass (Corynephorus canescens) excess N is stored in an unidentified non-protein nitrogen (NPN), which may act as a feeding inhibitor. Marbled grasshoppers Myrmeleotettix maculata reared on N-enriched C. canescens showed higher mortality and decreased growth rates compared to individuals reared on non-enriched grass. Measurements of individuals caught in the field showed smaller individuals on locations with high N deposition (35 kg N·ha −1 ·yr −1 ) compared with individuals in relatively low deposition locations (5-12 kg N·ha − 1 ·yr − 1 ).
Studies focussing on the effects of changes in plant stoichiometry on fauna in relation to N deposition are rare. The most frequently reported effect is an ecosystem shift from N-limitation to P-limitation, especially in P-limited systems or in situations where much organic matter has been removed by mowing and sod-cutting (Güsewell, 2004; Vogels et al., 2016) . This does not lead to problems for herbivores per se (Tao and Hunter, 2012) , but effects may vary between closely related species. Experimentally increased N:P ratios in Nettle (Urtica dioica) led to a shorter development time and heavier caterpillars for Small tortoiseshell (Aglais urticae), but to lighter larvae (without difference in developing time) for European Peacock (Aglais io) (Audusseau et al., 2015) . Changes in plant stoichiometry can be a result of changes in density or composition of soil arbuscular mycorrhiza that are vulnerable for eutrophication and acidification. Causal studies on this chain of cause-effect relationship are lacking, but Goverde et al. (2000) showed a 1.6 to 3.8 time lower survival and inhibited growth rates for the Common Blue butterfly (Polyommatus Icarus) when feeding on host plants grown without arbuscular mycorrhiza, an effect associated with a higher C:N ratio and higher leaf P content.
Whether deficiencies for herbivores lead to cumulative effects on organisms higher in the food chain is still an open question. Compared with plants (autotrophs), animals (heterothrophs) have high levels of stoichiometric homeostasis. Although a mismatch with changing plant quality may be expected, herbivores can cope with altered plant quality by changing foraging behaviour and/or post-ingestion assimilation and subsequent accumulation or excretion of surplus elements (Persson et al., 2010 , Sardans et al., 2012 , but both processes can be time and energy consuming and might lead to lower survival, fitness and fecundity of herbivores. Nevertheless, Audusseau et al. (2015) as well as Abbas et al. (2014) found increased C:N ratios in male bees and female grasshoppers that were positively correlated with changes in plant stoichiometry. Mulder (2010) shows an allometric correlation in the food web, where larger animals are less abundant in P-limited systems, possibly implying a cascade effect in the food chain. In case of calcium availability in relation to acidification it seems effects are liable to be greater if they involve losses of calcium-rich prey rather than change in prey chemistry (Ormerod and Rundle, 1998) . Haddad et al. (2000) reported that nitrogen addition (with addition of other nutrients and trace metals) resulted in decreased overall insect species richness, but with a different response between trophic levels. Detritivores increased both in species richness and abundance, herbivores increased in abundance but decreased in species richness and parasitoids declined in abundance but species richness remained stable. At this moment, there is no evidence that toxic compounds or shortage of trace metals induced by excess nitrogen accumulate in the food web with cascading effects on higher trophic levels.
Changes in prey and host availability for predators and parasitoids
Predators and parasitoids depend for their food on the presence of sufficient prey items or hosts. When the latter experience negative effects of N-deposition in terms of population size, the species higher in the food chain will suffer as well, or even more ( Fig. 1; pathway i) . The following processes may be distinguished: 1) severe (local) reduction in numbers or even total disappearance of prey and hosts species, leading to direct food shortage or an increase in physical distance between foraging site(s) and other essential elements in the landscape (nesting, shelter, hibernation), 2) reduction of the accessibility of prey or host due to locomotive obstruction or decreased sighting capacity in higher or denser vegetation, and 3) reduction in specific prey taxa leading to nutrient deficiency (mainly calcium). Although it is widely accepted that total abundance, diversity and visibility of prey and host species can decrease due to N deposition via pathways a to j (Fig. 1) , the cumulative effect and its consequences for carnivores and parasites in higher trophic levels are hardly ever measured (but see experiments of Haddad et al. (2000) , mentioned in Section 3.5, and De Sassi and Tylianakis (2012)).
In aquatic environments, strong reduction and total vanishing of populations of fish and calcium-rich invertebrates are observed in relation to acidification. This is in line with strong decreases in calcium-rich invertebrates in forests, such as snails (Pabian and Brittingham, 2007) . N deposition in the form of ammonium also contributes to acidification in soil and water, and probably still hampers the restoration of soil and water chemistry now that H 2 SO 4 emissions from industry have been strongly reduced (Sutton et al., 2014) .
Effects of acidification by airborne SO 2 and N x deposition on higher trophic levels have been studied in birds, where calcium shortage in forests has led to weak egg-shells in the Great tit (Parus major) (Graveland et al., 1994) , due to the reduction or disappearance of calcium-rich prey such as snails, isopods and diplopods. Pabian and Brittingham (2007) and Pabian et al. (2012) found lower bird abundancy in acidified dry forest, but experimental liming increased soil calcium and pH and led to increased snail and bird abundances. After liming, bird abundance was positively related to snail abundance. Decrease in reproductive success in Dippers (Cinclus cinclus) has also been linked to shortage of calcium-rich prey in streams (Ormerod et al., 1991; Tyler and Ormerod, 1992) although it could not be determined whether calcium deficiency affected birds with high fitness, or that birds with lower fitness were displaced to unfavourable (acidified) territories. Birds that have fish as an alternative prey (next to insects) can also suffer from calcium shortage when fish is not available, as was shown for chicks of Black tern (Chlidonias niger) that suffered from inadequate bone development in an acidic, degenerated raised bog (Beintema et al., 1997) . In nutrient-poor forests, a shortage of minerals compared to nitrogen in the leaves of Oak (Quercus sp.) led to a reduction of amino acid synthesis in plants and hence protein source for caterpillars. Caterpillars of moth species greatly declined and in the chain caterpillar, Great tit (Parus major), Sparrowhawk (Accipiter nisus) the latter bird species also suffered most from amino acid deficiencies. A strong reduction of flight muscles was seen during the breeding season, lower amount amino acids in eggs and abnormalities in egg-development related to this deficiency (Siepel et al., 2009 ). These processes may be expected to occur in many other long-living predatory species.
Decrease of food availability is caused by both smaller abundance of prey, lower diversity of species (prey items are needed throughout the season) and a reduced availability. Moreover, changes in microclimate may cause a shift towards smaller prey sizes, as has been reported for birds and bats by Siepel (1990) , Beintema et al. (1991) and Schekkerman and Beintema (2007) . The ratio behind this phenomenon is the longer development time for larger insects in general; when development rates are increased due to lower temperature sums in soil (Section 3.2), smaller species having faster development times may have a competitive advantage, resulting in smaller prey for insectivores. Smaller prey items and decreased diversity of prey, probably as a result from enhanced encroachment of coarse grasses and shrubs in open vegetation due to N deposition, resulted in lower reproductive rates of Redbacked Shrikes (Lanius collurio) in coastal dunes, leading to disappearance of the population (Kuper et al., 2000) .
Interaction between pathways and global environmental changes
Increased nitrogen can cause effects on fauna through different parallel pathways that can strengthen or weaken the net effect for single animal species. This complex reaction is shown in detail for Threespine sticklebacks (Gasterosteus aculeatus) under increased growth of algae and phytoplankton due to nitrogen input by deposition and pollution in the Baltic Sea. Although a decrease in prey availability is expected due to reduced visibility, this mechanism reduced also aggressive interactions between males during the parental phase, resulting in higher density of breeding males in habitats with a denser growth of algae (Candolin, 2004) and enhancing reproductive output. Moreover, deterioration of condition of males slowed down and increased the reproductive lifespan of the males, enabling them to complete more breeding cycles (Candolin et al., 2008) .
Another important factor, receiving more and more attention in the literature, is the interaction of increased N deposition with other global environmental changes, like climatic warming, rising CO 2 levels, acidification of soil and water by SO x and an increase of invasive plant species. Porter et al. (2013) reports additive, synergistic as well as compensatory or antagonistic effects of N deposition, global warming and rising CO 2 levels at an ecosystem level. Regarding plant chemical composition positive as well as negative interference occur between N deposition, raised CO 2 -levels and temperature changes caused by climate change (Hoover et al., 2012) , but it is sure that foliar P, and to a lesser extend foliar N, vary in association with temperature and precipitation (Elser et al., 2010) . Increased anthropogenic N-deposition can enhance plant N as well as P concentrations in a CO 2 -enriched atmosphere (Huang et al., 2015) and Goverde and Erhardt (2003) already showed a change in food-plant preference for the butterfly Coenonympha pamphilus due to changes in host plant quality under increased CO 2 levels. One of the most counterintuitive interactive effects concerns the aggravated cooling of the microclimate by global warming, because of lower temperature thresholds for growth in plants than in caterpillars, resulting in a higher vegetation and reduction of solar radiation to the soil (Wallis de Vries and Van Swaay, 2006) . In several studies (a.o. Rao and Allen, 2010; Ochoa-Hueso et al., 2011) facilitation of invasive species due to increased N deposition is described thereby creating another possible threat for fauna species.
Conclusions and future research
In this review we show ten basic pathways leading to six different bottlenecks by which increased N deposition can affect animal species. Almost all of these bottlenecks work indirectly through changes in biomass, composition or nutritional quality of the vegetation. Scientific evidence on changes in vegetation due to increased N deposition, as well as for direct effects by chemical stress is abundant. However, for subsequent indirect effects on fauna evidence is still insufficient. This can be accounted for by the huge amount of ecological interactions underlying our simplified flow scheme, making it difficult to disentangle causal factors in practice, as well as to the diffuse character of the causal effects. These effects are rarely lethal in animal life stages visible for men and more often affect fecundity or reproductive success, or increase mortality in more cryptic life stages, thereby decreasing animal populations or alter competition between species in an almost invisible way. Also feedback mechanisms, like reduced performance of food plants due to increased herbivory with rising foliar nitrogen levels (Throop and Lerdau, 2004) complicate the clarifying of mechanisms, but are not included in the scheme for synoptic reasons.
With limited understanding of the causal factors, nature management cannot be optimised in relation to animal species and their habitats, including the risk of creating more severe problems for the target species than the ones that are solved. An example is given by Vogels et al. (2016) with sod-cutting leading to a reduction of grass encroachment in heathlands, but also affecting stoichiometry of plants with a detrimental effect on herbivore fauna. In order to adapt restoration measures to the real causes of decline for animal species we need a thorough understanding of the mechanisms launched by N deposition as described in this review. Ongoing global changes and the huge amount of environmental and ecological interactions that play a role in the net effect of N deposition make it even more important to study the different pathways affecting fauna.
This review can be used to focus future research on this topic. Although all identified pathways and bottlenecks are supported by peer reviewed literature, we conclude that scientific evidence on the causal relationship between increased N deposition and effects on fauna is still insufficient. Recently tested conceptual models (Meunier et al., 2016; Pöyry et al., 2016) and a meta-analysis by Simkin et al. (2016) provide initial assessment of the complex ecological changes due to increased N deposition, but do not give the detailed information on causal effects, which is necessary to develop counteracting or mitigating measures in practice. Controlled lab or greenhouse and field experiments in which a single pathway is studied or multiple pathways can be disentangledsuch as Farrer and Suding (2016) for plant responses on N depositioncan provide the required knowledge, even more when dose-effect relations are included. The most severe gaps in knowledge concern subtle changes in plant chemistry and changes in availability of prey and host species to higher trophic levels of the food web.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.biocon.2017.02.022.
